The enormous versatility in the properties of carbon materials depends on the content of the sp 2 and sp 3 covalent bonds. Under compression, if intermolecular distances cross a critical threshold, then unsaturated hydrocarbons gradually transform to saturated carbon polymers. However, the mechanism of polymerization, even for benzene, the simplest aromatic hydrocarbon, is still not understood. We used high-pressure synchrotron X-ray, neutron diffraction, and micro-Raman spectroscopy together with density functional calculations to investigate the isotope effects in benzene isotopologues C 6 H 6 and C 6 D 6 up to 46.0 GPa. Raman spectra of polymeric products recovered from comparable pressures show the progression of polymerization exhibiting a pronounced kinetic isotope effect. Kinetically retarded reactions in C 6 D 6 shed light on the mechanism of polymerization of benzene. We find that C 6 D 6 -derived products recovered from P < 35 GPa actively react with moisture, forming polymers with higher sp 3 hydrogen contents. Significant isotopic shift (≥7 GPa) in persistence of Bragg reflections of C 6 D 6 is observed.
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ABSTRACT: The enormous versatility in the properties of carbon materials depends on the content of the sp 2 and sp 3 covalent bonds. Under compression, if intermolecular distances cross a critical threshold, then unsaturated hydrocarbons gradually transform to saturated carbon polymers. However, the mechanism of polymerization, even for benzene, the simplest aromatic hydrocarbon, is still not understood. We used high-pressure synchrotron X-ray, neutron diffraction, and micro-Raman spectroscopy together with density functional calculations to investigate the isotope effects in benzene isotopologues C 6 H 6 and C 6 D 6 up to 46.0 GPa. Raman spectra of polymeric products recovered from comparable pressures show the progression of polymerization exhibiting a pronounced kinetic isotope effect. Kinetically retarded reactions in C 6 D 6 shed light on the mechanism of polymerization of benzene. We find that C 6 D 6 -derived products recovered from P < 35 GPa actively react with moisture, forming polymers with higher sp 3 hydrogen contents. Significant isotopic shift (≥7 GPa) in persistence of Bragg reflections of C 6 D 6 is observed.
C ompression-induced bonding change makes pressure a valuable route in the synthesis of functional polymers with exceptional properties and superhard materials that possess diamond-like strength.
1−4 Benzene (C 6 H 6 ), which is the simplest and the most abundant aromatic hydrocarbon, is only stable in a limited range of pressures and temperatures, beyond which an irreversible chemical reaction to a polymeric phase takes place. The polymers of benzene recovered slowly from 20 GPa have recently been identified as carbon nanothreads with speculated superior mechanical properties and have long-range order in two dimensions. 5, 6 While properties of benzene under extreme conditions have long been under investigation, the mechanism of polymerization of benzene and the nature and the pressure dependence of its polymers are not yet fully understood. 7−17 External pressure can change parameters such as the available reaction volume, potential energy, compressibility, and viscosity of materials, all of which influence the rate of reactions and help elucidate the mechanism of polymerization. 18 For light compounds, an additional knob to control the reaction's kinetics is by isotopic substitutions. Studying the kinetic isotope effect (KIE) helps us to identify the ratedetermining steps in a reaction and determine the mechanism. Perdeuterobenzene (C 6 D 6 ) is an isotopologue of benzene (C 6 H 6 ). Both compounds have significant numbers of C−H/D covalent bonds, and KIE can result in variations in their reaction progression. Even though some high-pressure studies on C 6 H 6 have been reported on C 6 D 6 , the properties of C 6 H 6 and C 6 D 6 have only been compared below 25 GPa by Thieŕy et al. using IR and Raman spectroscopy. 19−21 Moreover, the vibrational properties of C 6 H 6 and C 6 D 6 recovered products as a function of pressure have not been reported before. 19−21 The present phase diagram of benzene reports seven polymorphs (space group: Pbca, Cmca, P4 3 2 1 2, P2 1 /c, C2/c, Pbam, and P2 1 ), 12, 13 from which only two, Pbca and P2 1 /c, are agreed upon (see the Supporting Information for a summary of prior literature).
Our current study is aimed at understanding the structural changes leading to the pressure-induced polymerization and how the reaction can be controlled, by exploring the isotope effect at play. In this work, using synchrotron X-ray and neutron diffraction, micro-Raman spectroscopy, and density functional theory (DFT) calculations, we present a detailed study of structural and vibrational properties of C 6 H 6 and C 6 D 6 under pressure and their recovered products (Table 1) . We study the changes in the vibrational properties of the polymeric products as a function of maximum compression and present gradual progression of the polymerization to formulate the mechanism of the pressure-induced chemical reaction of benzene.
The room temperature (RT) structural phase diagrams of both C 6 H 6 and C 6 D 6 are summarized in Figure 1 . (X-ray and neutron diffraction patterns and diffraction images are shown in Figures S1−S9.) Both polycrystalline samples are colorless up to ∼16 GPa and then turn pale yellow before darkening above 20 GPa. This behavior indicates gradual electronic structure changes of both polycrystalline samples under compression (see calculated band gap changes in Figure S10 ). As shown in Figure 2a , we find that the phase boundaries of C 6 H 6 and C 6 D 6 are similar to each other up to 16 GPa, and only two phases, orthorhombic phase I (space group Pbca, Z = 4) and monoclinic phase II (space group P2 1 /c, Z = 2), are identified. The refined diffraction data reveal a molecular volume V m (V/ Z) collapse of ∼3% at the transition pressure of ∼2.2 GPa for C 6 H 6 and C 6 D 6 , which has not been clearly resolved before. (A volume collapse of ∼4% was suggested by Thiery et al. with distinct differences in the phase diagram (Figure 2b) . 19 ) Several studies, including early measurements of compressibility of C 6 H 6 up to 3.9 GPa by Bridgman, could not resolve the volume collapse. 8 The phase I to II transition is sluggish, with two phases coexisting during isothermal compression at RT. Observation of volume collapse by compressibility measurements in the presence of the mixed phases and a slow gradual transition is difficult. In addition, fast compression can lead to a larger fraction of the benzene crystalline in metastable phase I to persist in a wider pressure range. 8 Our results on C 6 H 6 are consistent with reports by Ciabini et al.; however, we find our nonannealed samples only exist in mixture of phase I and phase II under isothermal compression at RT (Figure 2c and Figures S3−S9).
14 Moreover, the mixed crystalline phases of C 6 H 6 and C 6 D 6 coexist with newly formed polymers even after the chemical reaction is initiated (>16 GPa). This coexistence is evidenced by (100) peak splitting together with visual observation of liquid and solid material upon recovery ( Figures  S5 and S6 ). Comparing the X-ray diffraction (XRD) peaks of C 6 H 6 and C 6 D 6 suggests that in the mixed-phase region the relative ratio of phase II to I is higher in C 6 H 6 than C 6 D 6 at similar pressures (e.g., see phase II (100) peak changes at 12.5 GPa in C 6 H 6 and 12.8 GPa in C 6 D 6 , Figures S6 and S7 ). This observation is further supported by Raman analysis, as discussed next.
The main difference between the structural properties of C 6 H 6 and C 6 D 6 is the upper limit of pressure where the Bragg reflections can be observed, which is more than ∼7 GPa higher in C 6 D 6 . At 31.2 GPa, almost no reflections of C 6 D 6 crystalline phase can be detected except for a broad (100) peak, which persists up to the experimental limit of 46.0 GPa ( Figure S6 ). The presence of this peak may arise from the reflections of remaining unreacted C 6 D 6 or 1D or 2D long-range order of polymers. 5 However, in C 6 H 6 , most of the Bragg reflections are lost above 24.1 GPa, and less residual liquid is observed at recovery ( Figure S7 ). The difference suggests that the C 6 D 6 polymerizes slower than C 6 H 6 under compression. This considerable pressure shift may indicate significant vibrational contributions to the chemical reactivity of C 6 H 6 and C 6 D 6 and a strong KIE, which will be discussed later from analysis of the vibrational properties of the recovered products. 22, 23 The presence of the (100) peak is consistent with the change in the Raman signature of the sample which, as we will discuss next, shows a significant drop in the intensity of skeletal breathing mode (ν 1 ) above 30 GPa.
To extend the phase diagram to low temperatures, we also studied the temperature dependence of transitions of C 6 D 6 using neutron diffraction up to 6.2 GPa in a Paris−Edinburgh press (Figures S8 and S9 and SI). We observe that the structural phase I−II transition in C 6 D 6 is suppressed at lower temperatures, which extends the pure phase I stability regime in nonannealed samples below RT. This result can have implications in retarding benzenes polymerization, which may define a low-temperature compression path to metallization. 13 Furthermore, we collected the Raman spectra of C 6 H 6 and C 6 D 6 at RT upon compression to 35.2 and 40.2 GPa, e 2g planar C−C−C angle bend 606.5 585 ν 7 e 2g planar C−X bond stretch 3044 2274 ν 8 e 2g planar C−C bond stretch 1585 1556 ν 9 e 2g planar C−C−X angle bend 1169 857 ν 10 e 1g out of plane C−C−X angle bend 852 657 Figure 1 . Schematic phase diagrams and onset of chemical reactions in C 6 H 6 and C 6 D 6 at RT. The microphotographs show the appearance of C 6 H 6 and C 6 D 6 polycrystalline samples at different pressures.
The Journal of Physical Chemistry Letters
Letter respectively (Figures S11−S36, more discussions in SI). The pressure-induced Raman shifts of lattice modes and four selected vibrational modes in C 6 H 6 and C 6 D 6 show discontinuities above 4.2 GPa (Figures S11 and S12). The observed shifts match well with previous studies below 4.2 GPa. 19, 24 The differences observed for the pressure-induced shifts for all modes, above 4.2 GPa, indicate that the phase transition we observed is different from that previously reported. 13, 19, 24 These spectral changes above 4.2 GPa can be attributed to the structural transition to a mixture of phases I and II in both isotopologues, which is concluded from the Xray and neutron diffraction studies, albeit at lower pressure (∼2.2 GPa). It is plausible that variation in the frequencies observed for phase I modes (when extrapolated to higher pressures) is due to the coexistence of two different crystal lattices, influencing the molecules in the lattices differently than in their pure forms. We find that both ν 1 (skeletal ring breathing) and ν 2 (C−X stretching mode) in phase I are stiffer than in mixed phase for both isotopologues. For the C 6 H 6 phase I the slopes of ν 1 and ν 2 modes against pressure dν 1 /dP and dν 2 /dP are 4.32 cm −1 /GPa and 7.69 cm
/GPa, where for C 6 D 6 they are 4.55 cm −1 /GPa and 4.97 cm −1 /GPa, respectively. In the mixed phase of C 6 H 6 , both ν 1 and ν 2 modes split into two modes separately: 2.61 cm /GPa. The absence of splitting of ν 1 and ν 2 modes in the mixed phase of C 6 D 6 could be a consequence of differences in the vibrational frequencies of the two phases in the mixed phase, which may not get pronounced in its spectral features. On the basis of the above analysis, it is evident that the C−H bonds in C 6 H 6 are becoming significantly shorter than the C−C bonds for phase I and the mixed phase. However, for C 6 D 6 , the bond distances of C−C and C−D in the same phase seem comparable. The shortening of C−H bonds upon compression and the higher compressibility in Figure 2 . (a) Proposed phase diagram of C 6 D 6 . The gray and red dashed lines indicate suggested phase boundaries of C 6 H 6 and P−T paths of C 6 D 6 taken in this study. 16 Half circles show X-ray and IR data of C 6 H 6 . 14 The half-filled triangles indicate ambient-pressure data of C 6 D 6 . 35 The label IV indicates Pbam phase, as discussed in refs 13 and 14. The inset shows the selected neutron diffraction patterns of C 6 D 6 . (b) Third-and second-order Birch−Murnaghan EoS fits to the molecular volume V m (V/Z) data. The decompression neutron data are represented in unfilled circles. Hexagons show points on C 6 H 6 measured at the same beamline for comparison. Red asterisks and stars show the literature data on C 6 H 6 at RT. 15, 24, 38, 39 The phase transition at ∼2. C 6 H 6 phase I may lead to efficient packing, meaning that the relative ratios of phase II/I in C 6 H 6 are higher than in C 6 D 6 at comparable pressures. This leads to differences in their polymeric product compositions.
To understand the phase stabilities of C 6 H 6 , we performed DFT calculations. The calculated equilibrium volumes of phases I and II at 0 K are 110.6 and 109.2 Å 3 /C 6 H 6 , respectively. This is consistent with the experimental observation that the denser phase II is stabilized at elevated pressure. The results show that phase I−II transition takes place at 0.9 GPa at 0 K (Figure 2d ). The transition pressure difference between calculations and experiments is from the subtle energy difference between phase I and II, which could not be captured by DFT. 25 As shown in Figure S38 , the influence of vibrational entropy is significant in the I−II phase transition: The critical pressure of I−II phase transition decreases with temperature increasing, which is in line with the experimental observation. This is because phase I has larger vibrational entropy, which originates from its lower density and softer low-frequency phonon modes. Herein, the residual phase I observed in our study exists in the metastable state at RT. On the basis of on DFT calculations the intrinsic origin of the coexistence of phases I and II is probably a consequence of quasi-hydrostatic conditions, deviatoric stresses between the polycrystalline samples, or simply a sluggish phase transition.
Raman measurements were also performed on both samples in several compression−decompression cycles to determine their thresholds of irreversible chemical reaction at RT. Raman spectra of C−C ring breathing modes ν 1 (C 6 H 6 : ∼990 cm −1 ; C 6 D 6 : ∼950 cm −1 ) were used to track the progression of chemical reactions. 19 No appreciable change in the background is observed when C 6 H 6 /C 6 D 6 is released from 15.5 GPa (Figure 3 and Figure S39 ). However, when pressure was increased above ∼16 GPa, a strong photoluminescence (PL) background appeared, which most likely arises from the hydrogenated carbon clusters formed from the pressureinduced chemical reactions (Figure 3a,b) . 26 The background increases continuously during decompression, indicating the acceleration of the chemical reaction, owing to the increased available volume. 27 Another distinct signature of this chemical Microphotographs of unreacted C 6 D 6 liquid exposed to the atmosphere after release of pressure from 26.6 GPa. After the liquid sample evaporates, white polymers were left around the gasket chamber (green arrows).
Letter reaction is the formation of a thin film in the original boundary of the gasket chamber after the evaporation of unreacted C 6 H 6 / C 6 D 6 (insets in Figure 3a ) demonstrate that the recovered solids lose aromatic character. 28 Hence the onset of the chemical reaction at RT for both samples is ∼7 GPa lower than previous studies of C 6 H 6 . 16, 27 Annealing of C 6 H 6 and C 6 D 6 samples at 503 K for 24 h, followed by slow cooling to RT, increased the homogeneity of the samples, but the onsets of their chemical reaction remained around 16 GPa ( Figure S40 ). Our findings are quite different from the previous observations, where polymerization was observed at considerably higher pressures. 27, 29, 30 As discussed previously, the structural phase transitions of C 6 H 6 exhibit significant dependence on the thermal path of the sample. It appears that isothermal compression of C 6 H 6 at RT does not completely remove the low-pressure phase I. Together with previous results, one possibility that arises is that the presence of metastable phase I aids to the polymerization. In this case the discrepancy in the onset of polymerization can be attributed to Figure 4 . Relative percentages of (a) sp 2 and (b) sp 3 to the total character for C 6 H 6 and C 6 D 6 recovered products. X is H for C 6 H 6 and D for C 6 D 6 . (c,d) Deconvoluted spectra for C 6 H 6 and C 6 D 6 sample recovered from 25.1 and 25.7 GPa, respectively. (e,f) Raman spectra of the recovered products of C 6 H 6 and C 6 D 6 , right after opening the cell (black) and after ∼24 h of exposure to air (blue). The pressures indicated are the highest pressures each sample was reached to prior to their slow recovery. Inset in panel e shows increase in the C−H sp 3 mode of C 6 D 6 polymers after 2 weeks of exposure to moisture. the differences in the progression of polymerization in the absence of phase I. 31, 32 Because the polymerization can depend on the packing of molecules, it is plausible to find differences in the nature of the polymers recovered from different isothermal compression paths.
We further compressed C 6 H 6 and C 6 D 6 samples above 16 GPa. The Raman spectra collected upon decompression only showed the characteristic vibrons of crystalline C 6 H 6 (C 6 D 6 ). The amount of reacted products formed depends on the highest pressure that the sample was compressed to, prior to slow unloading. The ν 1 mode remains observable even upon decompression from 35.4 GPa (41.1 GPa) for C 6 H 6 (C 6 D 6 ), indicating that the chemical transformation is not complete. 20 This unreacted material quickly evaporated once the diamond anvil cell (DAC) was opened, and at the highest pressures, the synthesized polymers seem to expand and overfill the gasket hole (35.4 GPa/41.1 GPa for C 6 H 6 /C 6 D 6 ; see Figure 3c ). On the contrary, the Raman spectra obtained upon decompression (and before opening the cell) did not show vibrational modes corresponding to the polymeric product at any pressure. Because of increased PL background, even the vibrons corresponding to the crystalline phases of C 6 H 6 (or C 6 D 6 ) were difficult to distinguish.
The Raman spectra of the polymers were only detectable after recovery under ambient conditions ( Figures S41 and S42 ). For C 6 H 6 , we observed vibrons with frequencies corresponding to both C−C breathing modes and C−H stretching modes with both sp 2 and sp 3 character, 5 the C−H bending mode with sp 3 character, 28 and the G mode arising from the bond stretching of sp 2 C atoms in rings. 33 The C−H stretching modes show three bands at ∼2880, 2925, and 2970 cm −1 of sp 3 -bonded C−H characteristics and a weak peak at ∼3050 cm −1 resembling sp 2 -bonded C−H. The triplet character indicates that the recovered product has three different types of rings. The sp 3 C−H mode becomes less resolved when the sample is recovered from higher pressures due to the increase of PL background. The sp 2 C−H stretching mode decreases in intensity and becomes hardly visible when recovered from pressure above 28.0 GPa, indicating change in hybridization from sp 2 to sp 3 (Figure 4e ,f). We observed similar modes for C 6 D 6 with frequencies corresponding to the D-isotope, a strong band at ∼2170 cm −1 (sp 3 C site), and a shoulder at ∼2265 cm −1 (sp 2 C site). 34 Similar to C 6 H 6 , Raman spectra of sp 2 C−D bands show appreciable changes under pressurization, indicating reduction in sp 2 character (Figure 4f ). The spectra obtained right after opening the cell from low pressures (<35 GPa) show relatively weak C−H stretching modes of sp 3 character. 20 Even though these peaks are weaker than the other peaks, this broad feature can still be deconvoluted to two to three peaks. As evident from the spectra obtained after 24 h of exposure to air, we observed that the amount of sp 3 C−H component had increased and the peaks were well resolved (Figure 4d and Figure S41b ). This implies that polymerized products of C 6 D 6 are unstable in atmospheric pressure. This phenomenon has been previously reported in IR studies, and it was suggested that a reaction with water may be taking place. 20 To verify the nature of the new peaks and exclude other possible reactions in C 6 D 6 -derived polymers, we opened the cells, which were compressed to various maximum pressures, inside a high-purity argon glovebox and exposed them to a water saturated environment. The Raman spectra of the recovered samples show similar spectra to the samples exposed to air. Hence, this newly emerged Raman signature indeed is coming from the reaction with moisture. Moreover, we did not observe any significant differences over time in water-deficient environments (i.e., enhancement of the C−H stretching and bending modes). Extended exposure to the atmosphere not only causes an increase in intensity of sp 3 C−H modes but also leads to an increase in ratio of sp 3 C−D modes to sp 2 C−D modes. In addition, it is evident that the relative intensities of the G modes observed for both isotopologues increase as a function of the recovery pressure. However, exposure of the recovered C 6 H 6 product to atmosphere and D 2 O-rich environment does not lead to distinguishable changes in Raman spectra due to (a) overlap of old and new sp 3 C−H stretching bands and (b) the presence of substantially lower fractions of polymeric intermediates from comparable pressures ( Figure S41a) .
To qualitatively understand these features, we calculated the relative content of sp 2 and sp 3 C−X modes from integrated area of their stretching bands to estimate the sp 2 and sp 3 percentages (Figure 4a,b and Figure S42 ). For C 6 H 6 , the percentage of sp 2 area to both sp 2 and sp 3 characteristics was ∼10%, whereas for C 6 D 6 it is ∼26%. The sp 2 percentage decreases as the recovery pressure is increased for both samples. However, even when C 6 D 6 was recovered from 41.1 GPa, it showed ∼13% of sp 2 (C 6 H 6 recovered from 35.4 GPa shows ∼5% of sp 2 ). This means that the extent of reaction progression is affected by the isotope as well as the recovery pressure.
The structures of the recovered polymers are unknown, which makes the interpretation of the observed phenomena difficult. We compared our results with previously proposed polymers with different saturation degrees. 5, 13, 35, 36 In the crystalline phase II, the nearly hexagonally packed columns of tilted C 6 H 6 /C 6 D 6 molecules go through a Diels−Alder type [4π + 2π] cycloaddition reaction provided the mechanical energy available through PdV upon compression allows overcoming the energy barrier for this reaction. The sp 2 carbon-dominant intermediates (e.g., 4 + 2 polymer) thus formed go through various kinds of zipping process to form polymers entirely sp 3 in character, for example, tube (3,0), 5 polymer I. 13 Moreover, slow decompression facilitates these reactions due to their negative activation volumes. 31 This polymerization mechanism will have a secondary KIE, which, based on Streitwieser's rehybridization model, should lead to a reverse KIE. 37 Therefore, while this proposed pathway can explain the reduction of C-X sp 2 bonding fraction under pressure, as discussed above, we find that based on the above proposed polymerization reaction mechanisms a reverse isotope effect should be observed, which is in contradiction with our results (normal KIE). The normal KIE observed, here, however can be explained based on the model above if the crystal packing at high pressure increases the out-of-plane C-X bending to an extent that is substantially larger than that of sp 3 C−X bending, in which case a normal KIE will be expected.
We find that the percentage of sp 2 -dominant polymers (e.g., 4 + 2 polymer) in C 6 H 6 is considerably lower than that in C 6 D 6 at comparable pressures. The polymers resulting from zipping reactions are also present in both recovered samples even at 20 GPa, suggesting that some of the sp 2 -dominant polymers get converted to the zipper polymers. The sp 3 C−H vibrational modes contain three different bands in C 6 H 6 -derived polymers, which indicates that three types sp 3 sites are present in these polymers, for example, polymer I, which has five-and sixmembered rings, 13 and tube (3,0), which has six-membered rings in the entire structure. 5 However, such information
Letter cannot be deduced from C 6 D 6 simply because the vibrational frequency variation corresponding to similar structures resulting from the isotopic substitution is small. On the basis of these observations, we propose that in C 6 D 6 the chemical reactions are retarded, and thus substantial amount of unstable sp 2 intermediates (e.g., 4 + 2 polymer) is present in recovered products. For example, the 4 + 2 polymer has a significant number of sp 2 sites, which easily react with moisture. During this process some sp 2 -hybridized C−D bonds convert to sp 3 C−D and C−H bonds. The presence of multiple C−H modes implies that once the sp 2 -dominant polymer reacts with moisture, the resulting product will induce a chain reaction promoting the formation of a new type of polymers with additional hydrogen contents.
In summary, the isotopic substitution of C 6 H 6 (to C 6 D 6 ) crystalline samples shows negligible effect in the first-order structural phase transition (∼2.2 GPa) and onset of chemical reaction (∼16 GPa) at RT. The subtle free-energy difference between phases I and II revealed by DFT calculations suggests the residual phase I is a metastable phase after phase I−II transition. Isothermal compression of benzene at low temperatures may sufficiently affect the transition from I → II, allowing a metallization to take place. The crystalline molecular phase in C 6 D 6 at RT persists for pressures as high as 31.2 GPa, which is significantly higher than the maximum pressure in which Bragg reflections are observed in C 6 H 6 (24.1 GPa).
The character of polymers changes gradually as a function of maximum pressure, and a distinct isotope effect upon initiation of chemical reaction is observed. The variations in polymerization progression lead to different fractions of sp 3 character at comparable pressures in both C 6 H 6 and C 6 D 6 . A complete transformation of sp 2 -to sp 3 -type polymers in both isotopologues may occur if the reaction pressure is extended at RT. Our work provides a route to synthesize carbon-based polymers from C 6 H 6 and C 6 D 6 with different sp 2 /sp 3 fractions using a high-pressure solid-state reaction method. In addition, the destabilization of recovered C 6 D 6 products in atmosphere presents an approach to obtain more saturated sp 3 -bonded materials with higher hydrogen contents than the parent compounds, with possible improvement in their mechanical strength. The isotope effect in polymerization reaction observed in our studies also suggests the possibility of controlling the reaction rate with different isotopic reactants under high pressure and sheds light on developing a microscopic picture of pressure-induced polymerization in hydrocarbons.
■ EXPERIMENTAL DETAILS
Sample Preparation and Data Analysis. Liquid samples of C 6 H 6 and C 6 D 6 from Sigma-Aldrich (≥99.9% purity) were used without further purification. The samples were loaded in the form of either solid or liquid, in a gasket hole (rhenium or stainless steel) placed between diamond anvils of 500 μm culet flats. The details of the low-temperature solid loading in a DAC can be found elsewhere. 40 The internal pressure of the samples was determined using the R 1 shift of ruby luminescence using a quasi-hydrostatic ruby pressure scale as well as the equation of state (EoS) of Re where applicable. 41, 42 Because the phase transformations of C 6 H 6 and C 6 D 6 are sluggish, we compressed the samples slowly (2 GPa/h) using membrane DACs and simultaneously collected XRD data at RT. Neutron scattering studies were only performed on C 6 D 6 in a Paris−Edinburgh press fitted with cubic boron nitride single toroid gaskets that, owing to the natural boron absorption characteristics, yield no extra peaks in the diffraction data. The pressure was controlled via a computer controlled syringe pump. Prior to loading into the press, the C 6 D 6 sample was frozen into a solid, ground, and loaded into a SME gasket (soft metal encapsulating) fabricated of a TiZr null-scattering alloy. Once the gasket was closed, the cell was quickly sealed, and pressure rose to 10 tons as quickly as the oil-pressure driving syringe pump, keeping the sample in the solid state even at RT. Such procedure aims to prevent melting, ensuring that there is no sample loss to evaporation and that it remains a good powder average. The pressure was estimated by monitoring predominant Bragg peaks of the diffraction data and their corresponding shift in d spacing with pressure and comparing these with the data obtained from the X-ray experiments.
The X-ray and neutron diffraction data were analyzed by Le Bail fitting method using GSAS-EXPGUI package. 43 The previous low-temperature phase I (Pbca) was used as the starting model to carry out the refinements. 44, 45 The structural model of high-pressure monoclinic phase II (P2 1 /c) was adopted from C 6 H 6 at 2.5 GPa. 38 The previously reported highpressure data were used for refinement of C 6 H 6 . 15, 39 The bulk moduli were calculated using EOSFIT 5.2c software. 46 High-Pressure Synchrotron X-ray Measurements. The XRD measurements were performed at both High Pressure Collaborative Access Team (HPCAT) at the Advance Photon Source (APS), Argonne National Laboratory using 16-ID-B beamline (λ = 0.4066 Å) and Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory using 12.2.2 beamline (λ = 0.4966 Å). All X-ray data were collected during compression at RT.
Neutron Diff raction Measurements. Time-of-flight neutron diffraction measurements at variable temperatures and pressures were performed at the Spallation Neutrons and Pressure (SNAP) beamline of the Spallation Neutron Source at Oak Ridge National Laboratory. Polycrystalline sample of C 6 D 6 was loaded in a TiZr null scattering alloy gasket, and pressure was applied to the sample in a Paris−Edinburgh press fitted with cubic boron nitride anvils. The sample was cooled with the aid of a custom-made liquid-nitrogen cooling device connected directly to the anvils, allowing measurements in the range of 103 and 298 K. Pressure was estimated based on calibrated load. The data were collected using a neutron wavelength band centered at 2.1 Å, allowing access to Bragg reflections between 0.5 and 5.0 Å.
Micro-Raman Spectroscopy. Raman measurements were performed on a confocal micro-Raman system (WITEC Alpha SNOM) with backscattering geometry using both 1800 lines/mm and 600 lines/mm gratings. Both 488 nm (blue) and 532 nm (green) laser lines were used for excitation. Because of the high cutoff from the Notch filter, the measurable Raman spectrum is above 150 cm −1 . Attention was paid to possible photoinduced effects of excitation laser used on the samples. Minimum laser power and lowest exposure times were used unless intentional laser damage was desired. To study the reactivity of the polymer products with air moisture, the recovered samples were exposed to the following conditions for extended periods of time: normal atmospheric conditions, H 2 O-saturated environments, and moisture-free environment (inside a high-purity argon glovebox where both H 2 O and O 2 levels were below 0.1 ppm), and the results were compared in several experimental runs.
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Letter Density Functional Theory Calculations. All the calculations are based on DFT as implemented in Vienna ab intio Simulation Package (VASP). 47, 48 The van der Waals exchange-correlation functional optB86b 49 and the plane-wave basis set with energy cutoff of 600 eV were used. The gamma-centered Monkhorst− Pack k-meshes of 7 × 7 × 6 and 9 × 9 × 7 were used for phases I and II, respectively. The finite displacement method as implemented in Phononphy package 50 was adopted for phonon and thermal properties calculations. The 2 × 2 × 2 supercells were used in second-order force constants calculations.
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Specific discussions on X-ray and neutron diffraction and Raman measurements of C 6 H 6 and C 6 D 6 samples. Synchrotron X-ray and neutron diffraction data and Raman spectra and DFT calculations of C 6 H 6 and C 6 D 6 under pressure are shown in Figures S1−S43. The calculated bulk moduli of C 6 H 6 and C 6 D 6 from X-ray and neutron diffraction data at RT are summarized in Table  S1 . 
